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Membranous glomerulonephritis in the mouse. Glomerulonephritis
was induced in C57.BlIO mice by a single injection of rabbit IgG against
homologous, pronase-digested, renal tubular antigens. The heterolo-
gous phase was characterized by a transient increase of glomerular
permeability with fixation of rabbit IgG to the capillary walls, in a linear
or fine-granular pattern, and to the brush borders of the proximal tubuli.
The autologous phase was marked by the immune response to the
injected protein, during which subepithelial immune deposits, consist-
ing of mouse IgGI, rabbit IgG, and mouse C3 developed. Small
amounts were still present at 1 year after the injection of antiserum. The
antibody response of the mice correlated with the development and
resolution of the deposits. None of the mice developed a nephrotic
syndrome. Control mice treated with normal rabbit LgG did not show
immune deposits in their kidneys at any stage despite a comparable
antibody response to rabbit IgG. Immunoelectronmicroscopy showed
that the rabbit antibodies fixed directly to an antigen in the cell
membrane of the glomerular visceral epithelium. It seems, therefore,
likely that in situ formation of subepithelial immune complexes oc-
curred in the autologous phase by fixation of mouse immunoglobulins to
rabbit IgG already present in the glomerular wall.
Glomérulonéphrite extra-membraneuse chez Ia souris. Une gloméru-
lonéphrite a eté induite chez des souris C57.BllO par une injection
unique d'IgG de lapin contre des antigènes tubulaires rénaux homo-
logues, digérés par de Ia pronase. La phase hétérologue était caractéri-
see par une augmentation transitoire de Ia perméabilité glomerulaire
avec fixation d'lgG de lapin aux parois capillaires, d'une facon linéaire
ou finement granuleuse, et aux bordures en brosse des tubules proxi-
maux. La phase autologue était marquee par Ia réponse immune a Ia
protCine injectée, pendant laquelle des depots immuns sous-épitheliaux,
consistant en de l'lgGl de souris, de l'IgG de lapin et du C3 de souris, se
sont dCveloppés. II en restait encore de faibles quantités I an après
l'injection de l'antisérum. La réponse anticorps des souris était corrélée
avec le developpement et Ia disparition des depots. Aucune des souris
n'a developpe de syndrome nephrotique. Les souris contrôles traitées
avec de l'IgG de lapin normal n'ont pas eu de depOts immuns dans le
rein a aucun stade, malgré une réponse anticorps aux IgG de lapin
comparable. La microscopic immuno-electronique a montré que les
anticorps de lapin se fixaient directement a un antigene situC sur Ia
membrane des cellules de l'épithélium visceral glomérulaire. II semble
donc probable que Ia formation in situ de complexes immuns sous-
épithéliaux est survenue a Ia phase autologue par fixation d'immunoglo-
bulines de souris a de l'IgG de lapin déjà présente dans Ia paroi
glomerulaire.
Most forms of glomerulonephritis in humans and animals are
the result of the formation of glomerular immune deposits [1].
Two mechanisms are known in the pathogenesis of the deposi-
tion of these immune complexes: trapping of soluble circulating
immune complexes in the glomerular filter or an in situ forma-
tion of immune deposits by fixation of antibody to planted,
fixed, or structural antigens in the glomerular basement mem-
brane (GBM) [2].
Three basic models have been described in which renal
lesions are induced by the administration of antibody or im-
mune complexes. The first is the passive serum sickness model
in which in vitro preformed immune complexes consisting of a
heterologous protein (mostly bovine serum albumin, BSA) and
an antibody against it are administered. The second model is the
nephrotoxic nephritis (Masugi nephritis) evoked in many animal
species by the intravenous or intraperitoneal injection of a
neterologous anti-GBM serum [3]. This model was regarded as
the only prototype of an in situ formation of immune complexes
in the glomerulus until another model, the socalled passive
Heymann nephritis (PHN, or heterologous immune complex
glomerulonephritis) was developed. It is induced in rats by an
intravenous or intraperitoneal injection of an antiserum against
heterologous or homologous renal brushborder antigens [4, 5].
Although the glomerular subepithelial deposits were assumed
initially to result from the trapping of small, soluble circulating
immune complexes, there are now strong arguments for an in
situ binding of the antibody to an antigen already present in the
GBM [2, 6—8].
Apart from the "lupus-prone" mouse strains and the chronic
allogeneic disease in mice [9], this species has not been used on
a large scale for the study of glomerulonephritis because of the
variability of the lesions induced by the different procedures.
The mouse is an attractive model for immunologic studies
because much is known about its immunogenetic background
and the function of its different immunoglobulin (sub)classes.
Analogous to the passive Heymann nephritis in rats we, there-
fore, have tried to induce a glomerulonephritis in inbred
C57.BllO mice with a single injection of an antiserum against
homologous, pronase-digested, renal tubular antigens. In the
autologous phase subepithelial deposits were observed which
remained present for at least 1 year. With immunofluorescence
and immunoelectronmicroscopy an antibody population could
be detected in the antiserum directed to an antigen located on
the membrane of the visceral epithelial cells.
Methods
Animals. Inbred C57.BllO/ScSn mice were originally ob-
tained from the Jackson Laboratory, Bar Harbor, Maine. In our
animal laboratory these mouse strains were kept by continuous
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brother-sister matings. Swiss/Cpb-SE mice and Wistar/CpBWU
rats, both bred randomly, were bought from the Central Insti-
tute for the Breeding of Laboratory Animals, TNO, Zeist, The
Netherlands. New Zealand white rabbits and a goat were
bought from a local breeder.
Antigens. A mouse renal tubular brush border associated
antigen, FxIA, was prepared according to the method of
Edgington, Glassock, and Dixon [10]. From 330 normal male
and female Swiss mice, aged 10 to 20 weeks and weighing 20 to
25 g, the nonperfused kidneys were removed after exsanguina-
tion. Unless otherwise specified, all procedures were carried
out at 4°C. After cutting away the capsule and the medulla, the
cortices were minced with a razor blade and subsequently
gently pushed through a 90-p stainless steel sieve with a flexible
spatula. The sieved homogenate was suspended in phosphate-
buffered saline (PBS), pH 7.2, vigorously stirred, and centri-
fuged at x400g for 10 mm to sediment glomeruli, tubular
segments, and other coarse material, The turbid supernatant
(Fx 1) was then centrifuged at x 78,000g for 45 mm, to obtain the
subcellular fraction, designated Fx1A. The sedimented FxIA
was washed three times in distilled water, centrifuging each
time at x78,000g for 45 mi lyophilized and stored at —30°C.
The crude and saline insoluble Fx1A fraction was subsequently
treated by the enzyme pronase (streptomyces griseus protease,
grade B, Calbiochem-Behring Corp., La Jolla, California) ac-
cording to Naruse, Fukasawa, and Miyakawa [11]. FxlA,
prepared from 100 g of mouse kidneys was suspended in 60 ml
of 0.02 M Tris.HCI-buffer, pH 7.8, containing 0.8% NaCl.
Thirty milligrams of pronase (0.5 mg enzyme/mi buffer) were
added, and the suspension was incubated under constant stir-
ring at 37°C for 2 hr. The mixture was then centrifuged at
x l00,000g for 60 mm and the clear yellow-colored supernatant
was concentrated to 3 ml by ultrafiltration in a stirred apparatus
(Amicon Corporation, Scientific Systems Division; Lexington,
Massachusetts) with a PM-b Diaflow membrane and stored at
—30°C. After the pronase digestion, the soluble fraction of the
tubular epithelial antigens was designated TAPron.
Antisera. Adult male rabbits, weighing 2.5 to 3 kg, were
initially immunized with 20 mg of TAPron, emulsified in com-
plete Freund's adjuvant (CFA, Difco Laboratory, Detroit,
Michigan) at multiple subcutaneous sites. Four weeks later a
subcutaneous booster injection of 10 mg was given, and the
animals were bled 10 days later. Antisera were pooled and
heated at 56°C for 45 mm to destroy complement activity. The
IgG fraction of the antiserum was prepared from a 50% ammo-
niumsulfate precipitate and after dialysis against PBS, pH 7.2,
purified by affinity chromatography on a Sepharose-4B coupled
protein-A column (Pharmacia, Uppsala, Sweden). The dialy-
sate was placed on the column in small portions and after
extensive washing with PBS, pH 7.2, the immunoglobulins
were eluted from the column with a 0.05 M citrate buffer, pH
2.6, containing I M NaCI. The eluate was immediately neutral-
ized with a 2 M Tris solution and dialyzed overnight against 0.02
M PBS, pH 7.2. Purified IgG antibodies were concentrated to 10
mg/mI by ultrafiltration with a xM-50 Diaflow membrane (Ami-
con Corporation), sterilized by passage through a sterile 0.2-s
filter and stored at —30°C. Rabbit IgG from nonimmunized
animals was obtained with the same procedure, concentrated to
10 mg/mI, and used for the control studies. Analysis of purity
and specificity was carried out by micro-Ouchterlony and
immunoelectrophoresis in 1.3% agarose [12]. Protein concen-
trations were measured spectrophotometrically at OD 280 or by
the method of Lowry et al [13]. The antibody specificity was
tested by indirect immunofluorescence on sections of normal
mouse and rat kidneys. Subsequently, the specificity was
determined by absorption of the antiserum with TAPron, 3
mg/mi IgG antiserum.
Antiserum directed against albumin was prepared as follows.
Albumin of pooled nonimmune mouse serum was obtained by
electrophoresis in 3% agar. The albumin bands were cut with a
razor blade, pooled, and washed in PBS, pH 7.2. After centrifu-
gation at x3000g for 15 mm, the supernatant was concentrated
to 5.2 mg/mI by ultrafiltration using a PM-b Diaflow membrane
(Amicon Corporation). On immunoelectrophoresis the prepara-
tion showed a single precipitation line against normal mouse
serum. An antiserum was prepared by three monthly immuniza-
tions of a goat with 20Osg of albumin, emulsified in CFA (Difco
Laboratory). A 50% ammoniumsulphate precipitate of this
antiserum was used in the radial immunodiffusion technique for
the determination of urinary albumin concentrations [14].
Preparation of mouse basement membranes. Mouse glomer-
uli were isolated by a differential sieve technique, adapted for
mouse kidneys [15, 16]. After centrifugation at x400g, the
sediment of the kidney homogenates was passed through a
series of sieves of decreasing pore sizes (150, 106, and 45 )
with 3 liters of 0.15 M NaCI. The resulting glomerular suspen-
sion appeared to be contaminated with tubular segments on
examination by light microscopy. To obtain basement mem-
branes, absolutely free from cellular remnants, that could
influence the absorptions, we slightly modified the method of
Meezan et al [17] by adding sonication to the detergent treat-
ment. After disruption of the cell membranes by suspension in a
large volume of distilled water, the pelleted material was
subsequently sonicated for I mm in two individual 30-sec bursts
in a Branson sonifier (Branson Sonic Power Company, Dan-
berry, Connecticut) at an output of 40 W. The pellet was
subsequently treated with 3% Triton x-lOO for 2 hr, with 2 mg
deoxyribonuclease I (2000 Kunitz, Boehringer, Mannheim,
Germany) for 2 hr, and with 4% sodium deoxycholate for 18 hr.
The resulting preparation of basement membranes, designated
GBM-TBM, was washed extensively in distilled water, lyophi-
lized, and stored at —30°C.
Absorplions. Antiserum, used for in vitro incubations, was
first absorbed with an equal volume of freshly pooled, mouse
blood cells, and subsequently with lyophilized pooled, nonim-
mune mouse serum (50 mgIO. 1 ml antiserum), both for 2 hr at
room temperature by gentle shaking. For absorption of anti-
GBM-TBM antibodies from the sera, freeze-dried GBM-TBM
was suspended in a small volume of PBS, pH 7.2, by sonication
in a Branson sonifier for I mm in two individual 30-sec bursts.
To this suspension antiserum was added (5 mg GBM-TBM/ml
antiserum) and gently shaken for 2 hr at room temperature.
Experimental protocol. Thirty male C57.Bll0 mice, aged 2
months, received an intravenous injection of 7.5 mg rabbit anti-
mouse TAPron. At selected intervals three mice were sacri-
ficed; parts of their kidneys, liver, spleen, and lung were
processed for light microscopy and immunofluorescence; and
serum was stored for serological studies. All kidneys were
examined in the electronmicroscope. Before exsanguination
urine samples were collected for the determination of albumin-
Fig. 1. Immunofluorescent staining of a
section of a normal mouse kidney with
rabbit anti-mouse TAPron and fluorescein-
labelled swine anti-rabbit 1g. Staining of
the glomerular capillary wall and of the
brush borders of proximal tubules is seen.
The brush border of the glomerular parietal
epithelium is also positive (arrow). No
staining is present in the distal tubules,
collecting ducts, or in the interstitium.
(x 640)
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uria. Twenty male C57.B110 mice, which had received 7.5 mg
normal rabbit IgG, served as controls. At each interval two
mice were sacrificed and examined according to the same
procedures.
Light microscopy. Tissue fragments were fixed in Bouin's
solution (kidney) or 10% neutral buffered formalin (lung, liver,
and spleen), dehydrated and embedded in paraplast (Amstel-
stad, Amsterdam, The Netherlands). Sections of 2 were
stained with hematoxylin and eosin, Periodic Schiff, and Silver
methenamine according to Jones [18].
Immunofluorescence. Tissue fragments were snap-frozen in
liquid nitrogen and cut in a cryostat (2-s sections). A direct
immunofluorescence technique was applied using monospecif-
ic, fluorescein-labelled rabbit anti-mouse IgG (heavy and light
chains), C3 (Cappell Laboratories, Downingtown, Pennsylva-
nia), and swine anti-rabbit Ig (Dakopatt, Copenhagen, Den-
mark). To exclude cross-reactivity with mouse Ig this latter
antiserum was absorbed with 50 mg/0. 1 ml lyophilized nonim-
mune mouse serum. After absorption a single precipitation line
developed against normal rabbit IgG in immunodiffusion where-
as no crossreaction was observed with normal mouse serum.
No staining was seen by indirect immunofluorescence on frozen
sections of normal mouse kidney and spleen. Furthermore,
there was no crossreactive staining of kidneys from a (BALB/c
x AIJ) Fl hybrid mouse wherein a chronic graft versus host
disease with proven deposits of mouse IgG in the glomeruli had
been induced. Binding with rabbit IgG was not impaired by the
absorption. Kidneys that exhibited granular fluorescence in the
GBM were examined with monospecific fluorescein-labelled
goat anti-mouse IgGI, IgG2, 1gM, and IgA (Meloy Labora-
tories, Inc., Springfield, Virginia) to determine the (sub)classes
of deposited immunoglobulins. Deposits of mouse lgG3 were
detected by indirect immunofluorescence, using a monospecific
goat anti-lgG3 (Meloy Laboratories, Inc.), and a monospecific,
fluorescein-labelled rabbit anti-goat IgG as a second layer
(Cappell Laboratories), The presence of TAPron in the kidneys
was demonstrated by rabbit anti-mouse TAPron IgG, conjugat-
ed to fluorescein isothiocyanate according to The and Feltkamp
[19]. The conjugated antiserum had a protein content of 6.5
mg/mI, an F/P ratio of 1.1, and was used in a 1:8 dilution. Both
in the direct and indirect techniques the air-dried and acetone-
fixed sections were washed in PBS, pH 7.2, for 30 mm,
incubated with the antisera for 30 mm at room temperature, and
mounted in UVAC (GURR, Hopkin Williams, Essex, England).
Staining of TAPron in the glomeruli was detected both in
uneluted and partially eluted sections. Elution was carried out
by incubating washed, unfixed sections, with a 0.05 Mcitrate
buffer, pH 3.2, at room temperature for 30 mm. The staining
intensity and quantity of the immune reactants were recorded
semiquantitatively (0 = negative or trace, I + = moderate, 2+
= relatively strong, 3+ = strong, 4+ = maximum intensity) and
the staining patterns classified as mesangial, GBM-TBM, and
granular or linear. All sections were examined in a Leitz
fluorescence microscope with a Ploemopak epi-illumination.
Electronmicroscopy. Small pieces of cortex (2 mm3) were
fixed in 2.5% glutaraldehyde dissolved in 0.1 M sodium cacody-
late buffer, pH 7.2, for 2 to 4 hr at 4°C, and washed in the same
buffer. The tissue blocks were postfixed in phosphate-buffered
2% 0S04 for 2 hr, dehydrated, and embedded in Epon 812.
Ultra-thin sections were cut in a LKB ultratome and stained
with 5% uranyl acetate for 45 mm and with lead citrate for 2 mm
at room temperature. The sections were examined in a Siemens
ELMISKOP 101 electronmicroscope.
Immunoelectronmicroscopy (JEM). Because the immersion
fixation led to a poor architecture, perfusion was used to obtain
fixed normal mouse kidney specimens as substrate for the in
vitro incubations. The left kidney was perfused via the aorta for
2 mm with PBS, pH 7.2, containing 4% BSA, and subsequently
for 2 mm with a mixture of 1% paraformaldehyde and 0.05%
glutaraldehyde in PBS, pH 7.2, after which excess fixative was
flushed away by perfusing the kidney with the buffer for another
5 mm. Small blocks of renal cortex (2 mm3) were snap-frozen in
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Fig. 2. Immunofluorescence studies. A Fluorescein-labelled swine anti-rabbit Ig at day 1. Staining of the brush borders of the proximal tubular and
glomerular parietal epithelium, along with a staining of the glomerular capillary wall in a linear or fine granular pattern. Basal parts and basement
membranes of the proximal tubules are also positive. Distal tubules, collecting ducts, and interstitium are negative. (x 500) B Fluorescein-labelled
swine anti-rabbit Ig at day 8. Staining of the glomerular capillary wall has clearly diminished, while a few deposits in the mesangium are present.
(x250)
liquid nitrogen. Frozen sections (20 ) were incubated with a
rabbit anti-mouse TAPron, or with normal rabbit IgG for
controls, during 1 hr and after rinsing with PBS, pH 7.2, fixed
rabbit IgG was detected by a peroxydase-labelled swine anti-
rabbit Ig (Dakopatt). Horseradish peroxydase was reacted by
incubation for 10 mm at room temperature in a 75 mgldl solution
of 3,3'-diaminobenzidine tetrahydrochloride (DAB) to which
0.001% hydrogen peroxide was added. After several washes in
PBS, pH 7.2, the sections were postfixed in 0.1 M phosphate-
buffered 2% 0S04 for 45 mm at room temperature, dehydrated,
and embedded in Epon 812. Thin sections, cut on a
LKB ultratome, were examined unstained in the electron
microscope.
Serology. Antibodies present in the mouse sera were demon-
strated by different indirect immunofluorescence techniques.
By serial dilutions the titer was defined as the reciprocal value
of the highest positive dilution. Rabbit IgG against renal brush-
border antigens was demonstrated by incubation of the serum
with normal mouse kidney and subsequent staining with a
fluorescein-labelled swine anti-rabbit Ig (Dakopatt). Mouse
antibodies to the administered rabbit IgG were shown by
incubation with rat liver that contained aggregated rabbit IgG in
Kupifer cells and subsequent staining with a fluorescein-la-
belied rabbit anti-mouse IgG (heavy and light chains, Cappell).
The aggregated rabbit IgG was prepared according to the
method of Mauer et al [20]: 40 mg were injected intravenously
in a Wistar rat, bled 30 mm later. Small blocks of liver tissue
samples were snap-frozen in liquid nitrogen. Incubation with a
fluorescein-labelled swine anti-rabbit Ig (Dakopatt) produced a
4+ staining intensity consisting of fine and coarse granules in
the Kupifer cells, while normal mouse serum did not fix to the
liver. The presence of autoantibodies to brushborder antigens,
GBM-TBM, and DNA, was detected by incubation on normal
mouse kidney, liver, and spleen.
Urinary albumin excretion. Although mice have a physiologi-
cal proteinuria, albumin is only present in small amounts in
normal urine [21, 22]. Therefore, albuminuria measured by
radial immunodiffusion was taken as an index for glomerular
protein leakage, Of 47 normal male C57.BllO mice, the mean
albumin concentration in the urine collected over a period of 18
hr, was 28 g SD I I/mI. Increased albuminuria was defined as
a value greater than the normal mean plus 2 SD.
Results
Characteristics of the antiserum to mouse TAPron. Anti-
mouse TAPron, tested in micro-Ouchterlony and immunoelec-
trophoresis, contained only 1gG, did not react with pooled
mouse serum, and revealed seven precipitation lines against
mouse TAPron located in the alpha-2, beta, and gamma regions.
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Fig. 2. Continued. C Fluorescein-labelled swine anti-rabbit Ig at day 18. Fine granular staining along the GBM is seen. Only a fewgranules of rabbit
IgG are present in the basement membranes of the proximal tubules. (x 500) DFluorescein-labelled goat anti-mouse IgGI at day 28. Fine granules
of mouse IgG I are seen in the capillary walls of the glomerulus. No clear staining of the mesangium is present. (x 500)
In the indirect immunofluorescence technique on frozen sec-
tions of normal mouse kidneys, the antiserum reacted very
strongly with the luminal brush borders of the proximal tubular
epithelia, very weakly with the descending segments of Henle,
and strongly with the capillary loops in a linear or fine granular
pattern (Fig. 1). Previous absorption of the antiserum with
mouse TAPron abolished these staining patterns, whereas
absorption with pooled mouse serum, blood cells, and GBM-
TBM had no influence. The quantity of lyophilized GBM-TBM,
used for the absorption of the antiserum, was sufficient because
it could neutralize a rabbit anti-mouse GMB-TBM serum, that
after intravenous administration gave a 4+ linear staining of the
glomerular basement membrane. The anti-mouse TAPron
showed cross reactions with rat antigens. On sections of normal
rat kidneys the antiserum fixed strongly to the brush borders of
proximal tubular epithelia, the descending segments of Henle's
loops, and to the glomerular capillary in a more coarse granular
fashion than in the mouse glomerulus, especially at low
dilutions.
In vivo studies. Ten minutes after administration of 7.5 mg
anti-mouse TAPron, serious anaphylactic symptoms developed
that lasted for 2 to 3 hr, but all mice survived and could be
followed during 1 year.
The results of the immunofluorescence studies are given in
Figure 2 and Table I. At day I all three mice showed strong
staining of rabbit IgG in the brush borders of the proximal
tubular epithelia and the cylindrical parietal epithelia of the
glomeruli, reflecting an enhanced glomerular permeability. The
basement membranes of the tubular cells stained less heavily in
a continuous, fine granular pattern, while the luminal borders of
the descending segments of Henle were faintly stained. Rabbit
IgG had also fixed in relatively large amounts to the glomerular
basement membrane in a pattern of such fine granularity, that it
was sometimes difficult to differentiate from a linear pattern.
Distal tubuli and collecting ducts were negative (Fig. 2A).
Although the amount of rabbit IgG had decreased on day 8, it
was still visible in the glomerular capillary loops (Fig. 2B) and
focally in the brush borders of the glomerular parietal and
proximal tubular cells. Especially at this time, it was very
difficult to distinguish linear from fine granular staining in the
glomerular capillaries. Rabbit IgG was also present in the
mesangium of some glomeruli. Deposits of mouse Ig and C3
were present in small quantities in the mesangium, but this
staining was not different from that in normal and control mice.
The experimental group, however, showed additional segmen-
tal linear staining of the cortical tubular basement membranes
and Bowman's capsule by mouse C3. At day 15 rabbit IgG was
detected in fine granules along the glomerular basement mem-
branes in a typical epimembranous pattern. There were a few
scattered granules in the mesangium and the basement mem-
308
Table 1. Summary of fluorescent findings
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Day
after
injec-
tion
Tubular
brush borders
Rabbit Mouse
lgG Ig
Glomeruli
Rabbit
GBM
LgG
MES
Mouse Ig
GBM MES
Mous
GBM
e C3
MES
0 — — — — — — — +
I ++++ — +++(L)b — — --
8 + — +(L) +/++ — — — +
15 — — ++ trace ++ + ++ ++
29 — — +++ — +++ — + +
62 — — ++ — ++++ — + +
109 — — + — ++ — + +
170 — — + — ++ — + +
240 — — + — ++ — + +
360 — — trace — + — + +
Abbreviation: MES, mesangial localization.
Mice received 7.5 mg of anti-mouse TAPron.
b Linear or fine granular staining of the capillary wall. All other
staining was clearly granular.
Mouse C3 is normally detectable in small amounts in the
mesangium.
Fig. 4. Elecironmicroscopy of a mouse kidney at day 62. Small electron
dense deposits are located in the slit pores between the epithelial foot
processes (arrows). No endothelial deposits are seen. (X62,000)
Fig. 3. Light microscopy at day 62. A few drop-like extensions are seen
along the subepithelial side of the GBM (arrov'). Spikes or vacuoles in
the GBM. characteristic for a membranous glomerulonephritis were not
present. There is a slight increase of mesangial cells. The cuboidal
aspect of the parietal epithelium is a normal finding in mouse kidneys.
(x690)
branes of the proximal tubules. The brush borders of the
glomerular and tubular epithelia, the distal tubuli, Henle's
loops, and the collecting ducts were negative.
In addition to the above-mentioned mesangial localization,
mouse Ig and to a lesser extent mouse C3 were now demonstra-
ble along with rabbit IgG in the capillary loops in a pattern
characteristic for subepithelial localization. At day 29 and 62
(Fig. 2C and D) the epimembranous pattern became more
pronounced. Granules, consisting of rabbit IgG, mouse 1g. and
small quantities of mouse C3 were clearly visible along the
capillary basement membrane. The mesangial staining with Ig
and C3 remained unchanged. Rabbit lgG appeared to be best
visible at I month, while later on mouse Ig was easier to detect.
The number of granules in the proximal tubular basement
membranes decreased steadily. From day 109 on, the epimem-
branous pattern diminished gradually, but it remained visible as
very small granules with more intensive staining for mouse Ig
until the end of the experiment. Using antisera directed against
subclasses of mouse IgG and against mouse 1gM and IgA, we
could demonstrate that the epimembranous deposits contained
predominantly IgGI with only small amounts of IgG2 and IgG3.
The mesangial deposits, on the other hand, consisted mainly of
1gM and IgA. We sought for the presence of TAPron with a
fluorescein-labelled antiserum in a direct immunofluorescence
technique, with or without partial elution by a 0.05 Msodium
citrate buffer, pH 3.2. At no stage could the antigen be detected
in the glomerular capillary loops.
Mice from the control group that had received normal rabbit
IgG exhibited minor focal deposits in the mesangium only at
day 1, probably because of a few aggregates in the serum.
Thereafter, deposits of rabbit IgG were not seen in the glomeru-
Ii. As in normal mice, mouse Ig and C3 were detectable in small
quantities in the mesangium, while C3 was also present segmen-
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Fig. 5. Localization of the antigen by immunoelectron microscopy.
Normal mouse kidney incubated with a rabbit anti-mouse TAPron
and a peroxidase-labelled swine anti-rabbit 1g. A Segment of the
glomerular capillary wall. The epithelial foot processes are covered
by a dense granular reaction product. The lamina densa is negative,
but occasional granules are seen on endothelial cell membranes.
(x 15,600) B Proximal tubular epithelial cell with a dense granular
reaction product on the brushborder extensions. The basement
membrane and the organelles in the cytoplasm are negative. A few
dense granules are seen on the endothelial cell membranes. (x6000) C
Kidney specimen incubated with normal rabbit IgG and peroxidase-
labelled antiserum. No reaction product is seen on the epithelial and
endothelial cell membranes or in the basement membrane. (x14,400)
62 small electron dense deposits were located in the slit pores
and sometimes spaced widely apart (Fig. 4), Later, the lamina
densa became thicker and showed irregularly shaped exten-
sions on its subepithelial side. Fusion of the epithelial foot
processes was not seen at any stage. There were no deposits in
the mesangium. Control mice injected with normal rabbit IgG
did not show any deposits in either the slit pores or elsewhere.
Extrarenal deposits. At day I only a few granules of rabbit
IgG were located along the hepatic sinuses; these had almost
completely disappeared at day 8. Mouse Ig and C3 were never
detected in the liver. Also in the lung very fine granular
Electron microscopic studies showed that only from day 15 to depositions of rabbit IgG were seen along the alveolar walls at
tally and linearly in the basement membranes of tubules and
Bowman's capsule.
Histologic findings in the light microscopy differed very little
from those in control mice. There was a slight and gradual
increase of mesangial cells and/or matrix, especially in the
juxtamedullary glomeruli (Fig. 3). The glomerular basement
membranes showed scattered drop-like extensions at the epi-
thelial site, which were somewhat more frequent in the anti-
body-treated mice. However, spike formation or vacuolization,
characteristic for Heymann nephritis or membranous glomeru-
lonephritis in humans was never seen.
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Fig. 6. Titers of rabbit anti-mouse TAPron (—), and of
mouse anti-rabbit IgG (O—O) in animals treated with anti-mouse
TAPron. Control animals that had received normal rabbit IgG showed a
comparable, although lower, response of mouse anti-rabbit antibodies(• •). All titers were determined by indirect immunofluores-
cence.
day I without the presence of mouse Ig and C3. On the other
hand, rabbit IgG was demonstrable in the spleen during approx-
imately 3 months and located on follicular dendritic cells. At
day I a marked reticular pattern of rabbit IgG was shown on
these cells; it increased during the first 2 weeks but faded
afterwards. At days I and 8, mouse Ig could not, or at the most
in trace amounts, be demonstrated on dendritic cells, but after
this period increasing amounts were present in the same posi-
tion as the rabbit IgG. Moreover, mouse Ig could be seen in the
walls of some arterioles, together with small quantities of rabbit
IgG. Mouse C3 was never detectable in the spleen. Control
mice that had received normal rabbit IgG had trace amounts of
the injected immunoglobulin in their livers along the sinuses at
day I, although less than in the antibody-treated group. The
lungs were always negative. As in the immunized group rabbit
IgG was present for 3 months on follicular dendritic cells in the
spleen. From day 15 on, mouse Ig could also be demonstrated
in the follicles, but mouse C3 was never seen.
Localization of the antigen by immunoelectronmicroscopy.
To define more precisely the antigenic sites in the glomerular
capillary wall, normal mouse kidney specimens, previously
fixed by perfusion, were incubated with the antiserum where-
after bound rabbit IgG was visualized by a peroxydase-labelled
anti-rabbit Ig in the electronmicroscope. A dense reaction
product was present on the cell membranes of the glomerular
visceral epithelia, both on the part facing the urinary space and
on that part bordering the basement membrane (Fig. 5A). The
cell membranes of the endothelial cells and the glomerular
basement membrane itself showed only a few granules. The
proximal tubular epithelial cells demonstrated coarse granules
of reaction product in the cell membranes of the microvilli,
while the cytoplasm and the basement membrane were negative
(Fig. 5B). No reaction product was seen in the glomeruli or
tubuli of control specimens treated with normal rabbit IgG and
the peroxydase-labelled antiserum (Fig. 5C). The negative
staining of the glomerular basement membrane was not due to
poor penetration of the antibody after the fixation because a
rabbit anti-mouse GBM antiserum gave positive staining of the
lamina rara interna and externa.
Serology (Fig. 6). Anti-mouse TAPron, measured by the
indirect immunofluorescence technique, was present in de-
creasing titers until day 15. At day 8 high titers of mouse anti-
rabbit IgG were present in the serum of both the immunized
mice and the control mice. These titers increased until day 15
and showed a gradual decrease thereafter. At all stages values
were slightly lower in the control mice. After 1 year, the
immunized group showed a low titer while titers in the control
group had become negative. There was a good correlation
between the titers of anti-rabbit IgG and the intensity of staining
in the kidneys of the experimental group. Autoantibodies to
renal brush borders, DNA, or GBM-TBM could never be
demonstrated.
Albuminuria. Mice that had received rabbit anti-mouse TAP-
ron exhibited a short bout of albuminuria during the first 2 or 3
days after injection of the antiserum with a mean concentration
of 297 SD 75 gIml. None of the antibody-treated mice
showed an increased excretion of albumin at later stages. In
control mice that had received normal rabbit IgG there was no
rise of albumin excretion above the upper normal level of 50
gIml.
Discussion
Most attempts to induce experimental immune complex
glomerulonephritis in mice resulted in rather mild lesions with
mainly mesangial deposition of immune complexes (reviewed in
[2]). Recently, a passive serum sickness model has been de-
scribed, in which mice were injected with preformed immune
complexes consisting of a variety of antigens and antibodies of
low avidity. In this model subepithelial deposits and a prolifera-
tive glomerulonephritis were observed [23, 24]. In a recent
study in mice, in which cationic preformed immune complexes
were used, small subendothelial and subepithelial deposits were
observed, the localization of which correlated with structural
anionic sites [25].
The model that we have described here differs from previous
ones. We could induce subepithelial deposits without any
proliferative lesions after a single injection of antiserum against
homologous, pronase-digested renal brushborder antigens. Het-
erologous and autologous phases were observed. The former
was characterized by enhanced glomerular permeability as
evidenced by a transient albuminuria and fixation of the inject-
ed antibody to the brush borders of the glomerular and tubular
epithelial cells. Moreover, the antibody fixed to the glomerular
visceral epithelium in a very fine granular pattern. The autolo-
gous phase marked by the immune response of the mice to the
injected rabbit IgG was dominated by subepithelial deposits
that initially increased but gradually decreased after 2 or 3
months. Only in the early stages a small amount of rabbit IgG,
most likely bound to mouse Ig, was present in the mesangium.
The subepithelial deposits were composed of rabbit IgG, mouse
IgGi, and to a lesser extent, mouse C3. A correlation was found
between the serologically determined antibody response of the
mouse and the development or resolution of the subepithelial
complexes. Outside the kidney, rabbit IgG, complexed to
mouse immunoglobulins, was seen during a prolonged period
only in the spleen on follicular dendritic cells but sometimes in
the arteriolar walls. None of the mice developed a nephrotic
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syndrome or enhanced albumin excretion in the course of the
experiment. Mice of the control group, injected with equal
amounts of normal rabbit IgG, did not develop deposits in the
glomeruli, despite a comparable immune response to rabbit IgG
and similar fixation to follicular dendritic cells in the spleen.
The development of the immune deposits in the autologous
phase could be consistent with a mechanism, in which small
circulating immune complexes are trapped in the kidneys,
which probably occurs in the acute serum sickness model [26—
28]. However, the negative results in the control group that
showed a comparable antibody response to the rabbit IgG and
the fact that the subepithelial immune reactants were present
for a prolonged period do not favor such a mechanism, although
the mesangial deposits early in the autologous phase could very
well be explained by it. Involvement of the classic GBM
antigens that are responsible for the nephrotoxic nephritis is
unlikely because absorption of the antiserum with mouse GBM-
TBM did not alter the fluorescence pattern in normal mouse
kidneys after in vitro incubation. Moreover, the gradual de-
crease of rabbit IgG fixed to the glomerular capillary wall in the
heterologous phase is unusual for anti-GBM antibodies, be-
cause generally fixation to GBM antigens remains visible during
much longer periods. The most convincing argument against
involvement of GBM antigens came from our finding that
antibodies from the antiserum were capable to fix directly to an
antigen in the cell membranes of the glomerular visceral epithe-
ha. Since the antiserum detects several determinants in the
pronase-digested tubular antigen, elution studies will be neces-
sary to prove definitively that the glomerular epithehial cell
surface antigen is involved in the immune complexes formed.
The available data strongly point to an in situ formation of the
immune complexes on the subepithelial site of the glomerular
basement membrane. The injected rabbit antibodies fix with
antigen on the glomerular visceral epithelial cell membranes.
During the heterologous phase, the amount of fixed rabbit IgG
decreases substantially probably by dissociation of the anti-
body-antigen complex or by shedding and endocytosis of the
immune complexes. It seems likely that the subepithelial im-
mune complexes grow larger in the autologous phase by fixa-
tion of mouse immunoglobulins to the rabbit IgG, already
present in the glomerular capillary wall. It can, however, not
definitely be ruled out that in the early stage of the autologous
phase small circulating immune complexes, comprising low
affinity antibodies, are formed and localize on the basement
membrane acting as a nidus for the subsequent deposition of the
mouse antibodies. It is remarkable that initially in the autolo-
gous phase the amount of rabbit IgG increased, while at that
time no rabbit. IgG could be detected in the serum. We could
exclude that this was caused by crossreactive binding to mouse
Ig by the fluoresceine-labelled anti-rabbit serum. The only place
outside the kidney that contained rabbit IgG for a long period
was the spleen. It seems, however, unlikely that this organ
acted as an additional source of antigens. The most likely
explanation seems to us that the binding of mouse anti-rabbit
antibodies, demonstrable at day 15, caused aggregation of the
rabbit IgG with better exposure of its antigenic sites.
The model described here has many features like the PHN in
rats which itself is a variant of the autologous immune complex
glomerulonephritis, or active Heymann nephritis [29—31]. In
either system the glomerulonephritis takes a biphasic course
with heterologous and autologous phases. We also found a
correlation between the amounts of deposited immune reac-
tants and the antibody response to the injected immunoglob-
ulins [32]. As in the PHN in rats we used an antibrushborder
antiserum, most probably composed of a mixture of antibody
specificities. Some of these must be directed against common
antigens because we found clearcut cross-reactions on incuba-
tion of the antiserum with normal rat kidneys. However, the
immunofluorescence staining in the rat glomeruhi had a more
coarse aspect suggesting the serum contained additional speci-
ficities against mouse antigens absent in the rat which is
corroborated by our preliminary findings that antibody eluted
from rat kidneys after injection of anti-mouse TAPron did not
stain mouse glomeruli in the immunofluorescence technique,
whereas rat glomeruli and both rat and mouse brush borders
were positive. This suggests that the glomerular antigenic
determinants that act as targets in the PHN of rats are absent in
the mouse glomerulus (to be published). Further study of these
differences between the rat and mouse models may lead to a
better insight in the nature of the antigens involved.
Proteinuria in the PHN occurs as a rule after 4 to 5days [33,
34]. Despite a transient leakage in the first days after the
antiserum injection, evidenced by a strong fixation to the brush
borders of the glomerular and tubular epithelia and an albumin-
uria of short duration, none of the mice developed an enhanced
proteinuria or a nephrotic syndrome in the further course of the
disease. It was recently shown in the PHN that complement-
fixing antibodies were necessary for the development of pro-
teinuria [33]. This might explain the absence of proteinuria in
our model because we found that almost all mouse IgG deposit-
ed was of the noncomplement-fixing IgGI subclass. The role of
these factors can be studied very well in our model because so
much is known about the characteristics of murine immuno-
globulin (sub)classes. If the membranous glomerulonephritis,
described here, can also be induced in other mouse strains, the
presence of many inbred lines and complement-deficient strains
also offers the opportunity to gain more insight in the role of
genetic factors and complement in the development of the
glomerular lesions.
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